DHDPS (dihydrodipicolinate synthase) catalyses the branch point in lysine biosynthesis in bacteria and plants and is feedback inhibited by lysine. DHDPS from the thermophilic bacterium Thermotoga maritima shows a high level of heat and chemical stability. When incubated at 90
INTRODUCTION
Thermotoga maritima is a thermophilic, Gram-negative, rodshaped bacterium that has an optimum growth temperature of 80
• C [1] . Small-subunit ribosomal RNA phylogeny has placed this bacterium as one of the deepest and most slowly evolving lineages in the bacteria [2] , suggesting that knowledge of its structural biology will provide important insights into protein evolution. This has been strengthened by recent work on the structural genomics of T. maritima [3] . Thermophilic enzymes are also of interest because of the differences in structural dynamics that are required to maintain their activity at high temperatures. Experiments looking at enzyme dynamics have shown that at a given temperature, thermostable enzymes are less flexible than thermolabile ones [4] , and that at lower temperatures, enzymes from extreme thermophiles are often less active than those from mesophiles [5, 6] . At the optimum growth temperature for an organism, the flexibilities of enzymes from mesophiles and extreme thermophiles are similar [7] .
Various theories have been put forward to explain the stability of thermophilic enzymes, which may be associated with more salt bridges and buried hydrophobic regions. For example, triose phosphate isomerase from T. maritima [8] and Pyrococcus woesei [9] achieves an increased number of buried hydrophobic residues by existing as a tetramer instead of the homodimeric protein found in other organisms. Disulfide bonds have also been proposed to stabilize hyperthermic proteins [10] , an example being methylthioadenosine phosphorylase from Pyrococcus furiosus [11] . Additional enzyme stability has also been engineered by the incorporation of disulfide bonds [12] . Some thermophilic organisms, including T. maritima, have been shown to contain disulfide oxidoreductase protein, which is thought to have a role in intracellular disulfide bond formation [13] . However, recent comprehensive studies of a large number of thermophilic proteins, compared with their mesophilic counterparts, have suggested that the main features responsible for thermostability are increased compactness and an increase in electrostatic interactions, with oligomerization order, hydrogen bonds and secondary structure playing minor roles [14, 15] . DHDPS (dihydrodipicolinate synthase; EC 4.2.1.52) is a key enzyme in the (S)-lysine biosynthesis pathway and an important antibiotic target [16] . It catalyses the condensation of (S)-ASA [(S)-aspartate semialdehyde] and pyruvate to form a product, currently thought to be HTPA [(4S)-4-hydroxy-2,3,4,5-tetrahydro-(2S)-dipicolinic acid] [17] . This is the first reaction that is unique to (S)-lysine biosynthesis, and DHDPS is generally feedback regulated by (S)-lysine [18, 19] . Another control point in the synthesis of (S)-lysine is the aspartate kinase enzyme, regulation of which controls the synthesis of all of the aspartate family of amino acids. Isozymes of DHDPS can be grouped according to their regulatory properties with respect to (S)-lysine. Plant enzymes are strongly inhibited by (S)-lysine (IC 50 = 0.01-0.05 mM) [20] [21] [22] [23] [24] [25] and DHDPS appears to be an important metabolic step in (S)-lysine biosynthesis [18, 19, 26] . DHDPSs from Gram-negative bacteria are only weakly inhibited (IC 50 = 0.25-1.0 mM) [27] [28] [29] , with (S)-lysine acting as a mixed partial inhibitor of DHDPS with respect to pyruvate and a partial noncompetitive inhibitor with respect to (S)-ASA [30] . Conversely, DHDPS enzymes from Gram-positive bacteria show little or no feedback inhibition by (S)-lysine [31] [32] [33] [34] [35] [36] . The feedback inhibition properties of lysine in the T. maritima DHDPS were therefore of interest.
DHDPS from Escherichia coli has been rigorously characterized in terms of its kinetic and reaction mechanism. In the first step of the reaction, pyruvate forms a Schiff base with a lysine residue in the active site. This is followed by the binding of the second substrate, (S)-ASA, and subsequent dehydration and cyclization to form HTPA [37] . Structural features of E. coli DHDPS have also been well characterized, with the enzyme consisting of a homotetramer that is made up of a dimer of 'tight-dimers' (see Figure 1B ). There are many interactions between monomers A and B but few between the two tight dimers [38, 39] . The active site is located in the centre of a (β/α) 8 -barrel in each monomer, while the lysine-binding site is situated in the cleft at the tight dimer interface, with one lysine binding per monomer, but each lysine molecule being co-ordinated by residues from each monomer within the tight dimer [40] .
The X-ray crystal structure for DHDPS has also been solved for the plant Nicotiana sylvestris [41] . Comparison of the bacterial and plant structures reveals some intriguing differences (see Figure 1 ). While each enzyme is a homotetramer, the quaternary architecture is different in the bacterial and plant enzymes. Specifically, each enzyme exists as a dimer of tight dimers, with a common tight-dimer structure. Each tight-dimer interface has a binding site for lysine. The reason for the enzyme adopting a dimeric structure is thus clear, especially in the light of findings that the key catalytic motif, a triad of amino acid residues (Tyr 133 , Thr 44 and Tyr 107 ) spans the tight-dimer interface [39] . Curiously, although both the E. coli and N. sylvestris enzymes have adopted a dimer of dimers as their functional unit, the arrangement of these dimers is entirely different. This led us to hypothesize that each protein had evolved from an ancestral dimeric protein, and the quaternary structure of T. maritima DHDPS was of particular interest.
In the present paper, we describe the X-ray crystal structure of T. maritima DHDPS, the co-ordinates of which have been deposited by Joint Center for Structural Genomics (Genomics Institute, San Diego, CA, U.S.A.) in the Protein Data Bank (PDB ID number 1O5K), and characterize its biochemical and biophysical properties, with a particular focus on the feedback inhibition properties by lysine and the quaternary structure of the enzyme in solution.
EXPERIMENTAL

Materials
Unless otherwise stated, all chemicals were obtained from Sigma, GE Biosciences or Invitrogen. Protein concentration was measured by the method of Bradford [42] . Unless otherwise stated, enzymes were manipulated at 4
• C or on ice. (S)-ASA was synthesized using the method of Roberts et al. [43] , and was of high quality (> 95 %) as judged by 1 H-NMR and the coupled assay with DHDPR (dihydrodipicolinate reductase) [29, 37] . DHDPR from E. coli was purified by methods reported previously [30, 44] .
Cloning, overexpression and purification
Primer pairs encoding the predicted 5 -and 3 -ends of the TM1521 open reading frame [45] were used to amplify the dapA gene T. maritima strain MSB8 genomic DNA. The PCR product included a purification tag (MGSDKIHHHHHH) at the N-terminus of the full-length protein, and was cloned into the pMH1 plasmid [3] , which was a donation from Scott Lesley and Heath Klock (Joint Center for Structural Genomics, Genomics Institute of the Novartis Research Foundation) and introduced to the Epicurian Coli ® XL-1 Blue strain. Protein expression from Epicurian Coli ® XL-1 Blue cells was performed in LB (Luria-Bertani) medium, and expression was induced by the addition of 0.15 % arabinose for 3 h. The cells were harvested by centrifugation (10 min and 13 000 g) and resuspended in 2 vol. of extraction buffer (50 mM NaH 2 PO 4 , pH 8.0, 20 mM imidazole and 300 mM NaCl). After lysis by sonication, cell debris was pelleted by centrifugation at 13 000 g for 10 min, and the supernatant was applied to a HisTrap column (GE Biosciences). The column was washed with extraction buffer for 3 column volumes and then protein was eluted with elution buffer (50 mM NaH 2 PO 4 , pH 8.0, 300 mM imidazole and 300 mM NaCl). Fractions containing DHDPS activity were pooled, dialysed against storage buffer (20 mM Tris/HCl, pH 8.0) and stored at − 20
• C.
Analytical ultracentrifugation
Sedimentation experiments were performed in a Beckman Coulter Model XL-A analytical ultracentrifuge equipped with UV-Vis scanning optics and an An-60 Ti 4-hole rotor. Protein sample and reference (20 mM Tris/HCl and 150 mM NaCl, pH 8.0) solutions were loaded into 12 mm double sector cells with quartz windows. For sedimentation velocity experiments, samples at an initial protein concentration of 0.5 mg · ml −1 (380 µl) and reference (400 µl) were centrifuged at 40 000 rev. · min −1 at 20 • C and data were collected in continuous mode at 235 nm every 8 min without averaging. Data were fitted to a continuous size-distribution model [46] using the program SEDFIT (which is available from http://www.analyticalultracentrifugation.com). The partial specific volume (v) of the sample (0.743 ml · g −1 ), buffer density (1.005 g · ml −1 ) and buffer viscosity (1.021 cp) were computed using the program SEDNTRP [47] . For sedimentation equilibrium experiments, samples (100 µl) and reference (120 µl) solutions were centrifuged at 10 000 and 16 000 rev. · min −1 for at least 24 h until sedimentation equilibrium was attained. This was determined by overlaying scans taken at 2 h intervals. At equilibrium, the final absorbance compared with the radial position profile was collected at 280 nm and 20
• C, with a step size of 0.001 cm and ten averages. Sedimentation equilibrium data obtained at rotor speeds of 10 000 and 16 000 rev. · min −1 were globally fitted to a single species with mass conservation constraints using the program SEDPHAT [48] (also available from http://www.analyticalultracentrifugation.com) to determine the equivalent molar mass (M eq ) according to eqn (1) below.
where c(r) is the concentration at radius r, c(r 0 ) is the concentration at the reference radius r 0 , ω is the rotor angular velocity, R is the gas constant, T is temperature,v is the partial specific volume of the solute, ρ is the solvent density and E is the baseline offset.
Kinetics
DHDPS activity was measured using a coupled assay with DHDPR, as previously described [37] . The assays were initiated by the addition of DHDPS, and the temperature was kept constant at 30
• C by the use of a circulating water bath. Stock solutions of (S)-ASA, NADPH, pyruvate and (S)-lysine were prepared fresh for each experiment, and care was taken to ensure that an excess of DHDPR was present in the assays. The amount of DHDPS in the assays was 0.2-1 µg · ml −1 . Initial rate data were analysed using non-linear regression software (OriginLab, Northampton, MA, U.S.A.), and fitted to the Ping Pong model, also known as the double displacement enzyme mechanism [49] .
Enzyme stability
DHDPS was incubated at selected temperatures in storage buffer (20 mM Tris/HCl, pH 8.0) in a solid heat block. Aliquots were taken at varying time intervals, and stored on ice or added directly to initiate the coupled assay. DHDPS was also incubated at Each enzyme is a homotetramer composed of two tight-dimer units (A-B and C-D), but the arrangement of the two dimeric units is different. The structures in (B) and (C) were drawn using the co-ordinates described in [38] and [17] respectively. The structures were drawn using Pymol (http://www.pymol.org).
selected urea concentrations at 25
• C. Aliquots were taken at varying time intervals and used, without delay, to initiate the coupled assay.
CD spectroscopy
CD spectroscopy data were generated using an Aviv 62DS CD spectrophotometer. Wavelength scans were collected using a 1 mm path length cuvette, 1.0 nm bandwidth, 0.5 nm step size and 2 s averaging time. Temperature scans were monitored at 222 nm and data were collected at 0.5
• C intervals between 20 and 80 • C with a 5 s averaging time. Cuvettes were stoppered during temperature scans to avoid evaporation. DHDPS spectra were collected at a concentration of 0.3-0.4 mg · ml −1 in a buffer containing 20 mM Tris/HCl and 150 mM NaCl (pH 8.0).
RESULTS AND DISCUSSION
X-ray crystal structure
Structural co-ordinates for T. maritima DHDPS have been deposited in PDB (accession number 1O5K). As with DHDPS from E. coli and N. sylvestris, DHDPS from T. maritima appears to be a homotetramer in the crystal, with each monomer consisting of a (β/α) 8 -barrel, and the active site located at the centre of each β-barrel. The quaternary structure reveals a dimer of dimers ( Figure 1A) , with the enzyme from T. maritima resembling the E. coli enzyme in the packing of the dimer subunits, rather than the N. sylvestris enzyme (Figure 1) . The residues and contact areas within the tight dimer are similar for E. coli and N. sylvestris DHDPS [17] and T. maritima DHDPS. However, there is little conservation of sequence or contact area at the dimer-dimer interface.
Recent work in our laboratory has identified several residues that are involved in the dimer-dimer interface of E. coli DHDPS [40] , which differs greatly from that of the N. sylvestris enzyme [17] . Of these residues, only Arg 230 is conserved between the E. coli and T. maritima forms of the DHDPS enzyme, suggesting that although the tetrameric structure is required, the particular network of residues comprising that network is unimportant for activity. Examination of the T. maritima DHDPS crystal structure using JavaProtein Dossier [50] suggests that there are many more residues involved in inter-subunit contacts at the dimer-dimer interface compared with the E. coli DHDPS enzyme, with 20 residues involved in many interactions (Figure 2 ). This is entirely consistent with the increased thermal stability of the enzyme [14, 15] .
At the dimer interface, Cys 199 from the A subunit is located close to the complementary Cys 199 residue from the D subunit ( Figure 3 ). This allows for the potential formation of an intersubunit disulfide bridge at each of the dimer interfaces. There is no density in the crystal structure to suggest the formation of this bridge, and experiments using blue native gel electrophoresis failed to identify a disulfide bridge (results not shown); however, the possibility of this linkage adding to the stability of the enzyme in vivo remains, if an appropriate protein disulfide oxidoreductase is present in T. maritima [13] .
All of the residues that have been identified as being important in the active site of E. coli DHDPS [40] are also present in the T. maritima DHDPS active site. Overlaying the active site from the two different crystal structures reveals the orientation of residues to be highly conserved (Figure 4) . However, the allosteric binding site for (S)-lysine is not conserved between the two forms of the enzyme ( Figure 5) . A comparison of the sequences reveals that few of the residues involved in binding (S)-lysine [40] are conserved. Among the differences are the lack of Ala 49 , His 53 , His 56 and Glu 84 residues, which have been shown to be involved in the binding of (S)-lysine to the E. coli DHDPS enzyme [40] .
Quaternary structure in solution
To confirm the oligomeric state of T. maritima DHDPS in solution, sedimentation velocity experiments were initially conducted in the analytical ultracentrifuge. The sedimenting boundary of the T. maritima enzyme shows minimal spreading with time, which is consistent with a largely homogeneous sample ( Figure 6A ). The data were fitted to a continuous size-distribution model [46] , which confirmed that the T. maritima enzyme was a single species in solution with a standardized sedimentation coefficient of 7.2 S and a molar mass of 128 kDa taken from the ordinate maximum of the single peak observed in the c(M) distribution ( Figure 6B , Table 1 ). The axial ratio assuming a prolate ellipsoid shape is also estimated to be 2.6 (Table 1) . This compares well with that of the E. coli DHDPS tetrameric enzyme [51] . The quality of the fit is indicated by the low rmsd (root mean square deviation) of 0.0066 and random distribution of residuals with a Runs test Z value of 14.4. The tetrameric nature of the enzyme was also confirmed by sedimentation equilibrium analysis (Table 1) , native gel electrophoresis and size-exclusion HPLC experiments (results not shown).
Figure 2 Residue interactions at the dimer-dimer interface
Twenty residues are involved in hydrogen bonds (dotted lines), water-mediated hydrogen bonds (dotted lines with circles), hydrophobic interactions (solid black lines), attractive charges (dashed lines) and repulsive charges (dash-dot-dot-dashed lines). Boldface lines indicate interactions that occur in both the A/D and B/C interface. Interactions were determined using JavaProtein Dossier [50] .
Kinetics
Data from the characterization of T. maritima DHDPS fitted the Ping Pong kinetic mechanism (Figure 7) . The V max was 1.01 µmol · s −1 · mg −1 , while the Michaelis-Menten constants for pyruvate and (S)-ASA were 0.053 ( + − 0.006) and 0.16 ( + − 0.01) mM respectively. These compare with the E. coli DHDPS, which has a V max of 0.58 µmol · s −1 · mg −1 and Michaelis-Menten constants for pyruvate and (S)-ASA of 0.25 and 0.11 mM respectively [44] . This is consistent with the similar values observed for the kinetic constants for the different forms of the DHDPS enzyme [39, 52] and the highly conserved active site structure. It was not possible to obtain kinetic parameters for the Thermotoga enzyme 
maritima (grey) DHDPS structures
Numbering is shown for the T. maritima enzyme, except where the residues are not conserved, in which case the E. coli numbering and residue are indicated by an asterisk. This Figure was drawn using Pymol (http://www.pymol.org).
at thermophilic temperatures, due to the inherent instability of the substrate (S)-ASA at these temperatures [53] .
Varying the (S)-lysine concentration did not have any effect on the activity of T. maritima DHDPS, while the enzyme from E. coli showed inhibition that was consistent with that previously observed [30] (Figure 8 ). This was expected from the X-ray crystal structure, since the allosteric binding site for (S)-lysine is not present, and suggests that feedback regulation by lysine evolved after the divergence of E. coli DHDPS enzymes from the T. maritima lineage.
Enzyme stability
When DHDPS was incubated at 90
• C, the enzyme from E. coli lost nearly all activity within 30 s, while the enzyme from T. maritima still retained over 60 % of the original activity after 7 h ( Figure 9A) . Similarly, when DHDPS was incubated with 8 M urea, the E. coli enzyme showed a rapid decrease in activity, with little activity remaining after 1 min, whereas T. maritima DHDPS proved more of a lummox, with 40 % of the original activity remaining after 90 min ( Figure 9B ).
The unfolding of T. maritima DHDPS enzyme was monitored at 222 nm using CD spectroscopy, and showed little change from 20 to 80
• C, unlike the E. coli enzyme, which underwent a dramatic increase in mean residue ellipticity at 60-70
• C (Figure 10 ). This is consistent with the decrease in activity shown by the E. coli DHDPS enzyme being associated with a general decrease in ordered protein structure, while few changes occurred in the protein structure and activity of T. maritima DHDPS. Since no disulfide bond was present in the enzyme in vitro, the additional heat and chemical stability of the enzyme would seem to be explained by the additional inter-subunit contacts at the dimerdimer interface, when compared with the E. coli form of the enzyme.
Conclusions
It is thought that T. maritima is one of the most slowly evolving lineages in the bacteria [2] and may provide the closest modern † Relative monomeric molar mass (M r ) determined from the amino acid sequence. ‡ Apparent molar mass (M) taken from the ordinate maximum of the c(M) distribution ( Figure 6B ).
§ Axial ratio (a/b) assuming a prolate ellipsoidal structure calculated using the v method [47] .
Equivalent molar mass assuming a single species calculated from global analysis of sedimentation equilibrium data at 10 000 and 16 000 rev. · min 
Figure 8 Inhibition of DHDPS by (S)-lysine
T. maritima (᭺) and E. coli (᭝) DHDPS enzymes were assayed for activity in the presence of varying concentrations of (S)-lysine and saturating concentrations of pyruvate and (S)-ASA using the coupled assay. The apparent rate (v app ) was then compared with the rate of non-incubated enzyme (v con ). Each data point was measured in duplicate or triplicate and error bars show the standard deviation.
DHDPS does not show any inhibition by (S)-lysine, suggesting that this feedback regulation must have evolved later in bacteria. Given the lack of feedback inhibition of DHDPS, it is likely that (S)-lysine biosynthesis in T. maritima is regulated by aspartate kinase or at the level of gene regulation [54] , but further work would be required to investigate this possibility. Thermostability of enzymes is consistent with the increase in electrostatic interactions in the enzyme. This is demonstrated in the T. maritima DHDPS enzyme, which has many more residues involved in inter-subunit contacts at the dimer-dimer interface when compared with the E. coli DHDPS enzyme. The T. maritima DHDPS enzyme also has the potential for an inter-subunit disulfide bridge, which has been shown to improve the thermal stability of several other enzymes [10] [11] [12] .
An enigma in the evolution of DHDPS is the difference in dimer arrangement between the plant and bacterial forms of the enzyme. T. maritima DHDPS is unequivocally a tetramer in the crystal structure and in solution, raising the possibility that the plant and bacterial enzymes evolved from a dimeric form of the enzyme that predated the T. maritima enzyme. How the novel architecture of the plant form of the enzyme evolved from the bacterial protein remains a mystery.
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